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1.  INTRODUCTION 


The  response  of  gun  propellant  to  mechanical  stress  plays  a  critical  role  in  the  evolution  of 
pressure  during  the  ballistic  cycle.  Attempts  to  link  the  relationship  between  mechanical  measure¬ 
ments  performed  in  the  lab  and  both  gun  performance  and  vulnerability  have  made  considerable 
progress  in  the  last  year’’^  ^  Previous  work  has  revealed  that  at  low  temperatures  the  change  in 
magnitude  of  failure  parameters  measured  on  a  single  propellant  grain  correlated  well  with  the 
change  in  magnitude  of  the  explosive  response  of  propellant  beds  upon  impact  with  shaped  charge 
jets^ However,  the  mechanical  response  measurements  were  performed  at  rales  of  about  100  s  * 
whereas  the  rate  of  mechanical  deformation  during  the  jet  interaction  is  estimated  to  be  between  10^ 
and  10®  s  '.  A  more  accurate  correlation  might  be  obtained  if  the  mechanical  response  of  the  material 
could  be  more  closely  determined  at  higher  rates. 

One  method  used  to  estimate  mechanical  responses  of  materials  at  rales  outside  the  limits  of 
available  equipment  is  to  employ  the  time-temperature  superposition  principle'*'®  and  determine  the 
shift  factors  for  the  material  using  relaxation  measurements.  These  measurements  were  performed 
on  four  propellant  types,  a  single-  (M14),  double-  (JA2),  and  triple-based  (M30)  propellants,  and  a 
nitramine  composite  (M43)  gun  propellant.  These  propellants  were  chosen  so  that  a  broad  range  of 
propellant  types  would  be  represented.  Since  the  temperature  range  of  interest  for  guns  is  -40  to  60°C, 
and  testing  can  be  easily  performed  within  this  range,  measurements  were  made  between  these 
temperatures. 

From  the  shift  factors  measured  here,  failure  parameters  can  be  determined  that  more  accurately 
correspond  to  the  mechanical  response  at  higher  rates.  This  is  accomplished  by  testing  the  propellant 
at  appropriately  lower  temperature.  For  example,  a  shift  in  strain  rate  by  a  factor  of  100  can  be 
approximated  by  a  temperature  shift  of  -20°C  for  M14  propellant,  as  is  shown  in  this  report. 

2.  EXPERIMENTAL  PROCEDURE  AND  RESULTS 

2.1  Description  of  the  Tester  and  Procedure.  The  propellant  relaxation  response  was  measured 
using  a  specially  designed  servohydraulic  tester^,  illustrated  in  Figure  1.  The  machine  allows  for 
compression  measurements  to  be  performed  at  rates  of  up  to  1000  s  '  for  a  specimen  with  a  nominal 
length  of  1  cm.  Compression  is  arrested  when  contact  occurs  between  the  impact  bell  and  cone. 
Therefore,  the  amount  of  specimen  compression  can  be  adjusted  by  setting  the  anvil  height.  This 
contact  not  only  stops  the  specimen  compression,  but  it  also  shunts  the  force  around  the  specimen. 
The  nitrogen  spring  absorbs  and  spreads  out  in  time  the  decelerating  force  of  the  ram.  The  force 
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applied  to  the  specimen  is  measured  using  the  gage  inside  the  impact  bell.  During  normal 
compressive  response  measurements,  displacement  is  measured  with  a  linear  variable  dilTerential 
transformer  (LVDT)  in  the  actuator  column  and  is  coirected  for  machine  stiffness. 

The  specimens  were  prepared  from  multiperf orated  gun  propellant  grains  whose  formulations 
are  listed  in  Table  1.  A  typical  7-perforated  specimen  appears  on  the  left  hand  side  of  Figure  I. 
Specimen  preparation  in  the  relaxation  procedure  began  by  cutting  the  sample  with  a  diamond  saw 
to  a  length  of  1.00  cm.  The  ends  were  cut  flat,  parallel  and  perpendicular  to  the  grain  axis  according 
to  the  specifications  found  in  a  proposed  NATO  draft  STANAG  entitled  “Uniaxial  Compressive 
1  est,”  which  is  an  updated  version  of  the  test  entitled  “Uniaxial  Compressive  Gun  Propellant  Test” 
found  in  CPIA  Pub  21.  Temperature  conditioning  was  achieved  by  placing  prepared  grains  inside 
the  environmental  chamber  for  a  time  at  least  twice  that  needed  to  reach  thermal  equilibrium  (30 
minutes  in  most  cases).  The  specimen  was  then  placed  on  the  anvil  and  tested.  This  testing  took  place 
within  the  conditioning  chamber,  so  no  transfer  was  required  and,  therefore,  no  thermal  disruption 
occurred. 

The  strain  at  which  relaxation  occurred  was  determined  by  the  distance  between  the  anvil  and  the 
force  gage  when  the  bell  and  cone  surfaces  were  mated.  That  distance  was  determined  by  placing 
a  lead  specimen  on  the  anvil  and  performing  a  compression.  The  percentage  sU'ain  used  in  these  tests 


Temperature  Conditioning  Box 


Figure  1 .  Servohydraulic  Stress  Relaxation  Tester 
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Table  1 .  Nominal  Percent  Composition  of  Propellants 


Component 

M14 

JA2 

M3() 

M43 

Nitrocellulose  (NC) 

89 

59 

28 

4 

NC  Nitration  Level 

12.6 

13.1 

12.6 

l2.6 

Nitroglycerin  (NG) 

15 

22 

Nitroguanidine  (NQ) 

48 

Ethyl  Centralite  (EC) 

2 

Diethylene  Glycol  Dinitrale 

25 

Akardit  II 

1 

RDX  (Ground) 

76 

Cellulose  Acetate  Butyrate 

12 

Plasticizer 

8 

DMT 

8 

DBP 

2 

DPA 

1 

was  based  on  previous  mechanical  response  measurements,  and  was  selected  to  keep  the  specimen 
strain  below  that  at  which  failure  was  known  to  occui.  Table  2  gives  the  average  strain  to  which 
the  propellants  were  taken  during  the  relaxation  measurements. 

Once  all  the  conditions  for  the  test  were  set,  the  relaxation  measurements  were  made  at  -40,  -20, 
0,20,  and  60°C(50'’C  for  JA2).  The  specimen  strain  rate  was  chosen  to  be  1.00  s  '.  Data  was  acquired 
at  a  rate  100  points  per  second  for  about  40  seconds.  Five  repetitions  were  performed  for  each  test 
condition. 


Table  2.  Average  Specimen  Strain 


2.2  Test  Results.  The  modulus  was  calculated  by  dividing  the  force  by  the  net  area  of  the 
specimen  to  get  the  stress  and  then  dividing  the  stress  by  the  strain,  determined  as  described  above. 
A  period  equal  to  10  times  the  period  of  com¬ 
pression  was  removed  from  the  beginning  of 
each  relaxation  curve  to  assure  that  no  dynamic 
effects  were  in  process  when  data  was  tai  .en, 
e.g.,  four  hundredths  of  a  second  is  the  time 
needed  to  compress  a  specimen  to  four  percent. 

The  five  Relaxation  Modulus-vs-Time  curves 
were  then  averaged  to  produce  a  single  curve  for 


Propellant 

Strain 

M14 

3% 

JA2 

5% 

M30 

5  % 

M43 

2% 

3 


Log  [Time(s)} 
a.  M14 


Log  ITime(s)] 


Log  [Time(s)J 


c.  M30 


d.  M43 


Figure  2.  Log  Relaxation  Modulus  vs  Log  Time  f(  r  Each  Propellant 


each  propellant  at  each  temperature.  These  results  appear  in  Figure  2  and  are  plotted  in  the  usual 
log-log  fashion.  Figure  3  provides  an  example  of  scatter  among  data  sets  collected  under  the  same 
conditions.  All  the  sources  of  this  scatter  are  not  known.  However,  the  largest  source  almost  certainly 
arises  from  error  in  the  strain  measurement.  At  such  low  strains,  small  errors  make  large  differences. 


3.  ANALYSIS 

3.1  Master  Curve  Generation.  A  master  curve  was  generated  from  each  family  of  curves 
presented  in  Figure  2  by  horizontally  shifting  each  of  the  curves  except  one,  the  reference  curve,  to 
form  a  single  curve  on  an  expanded  time  axis.  If  the  curves  are  to  be  used  for  the  prediction  of 
relaxation  moduli  or  related  phenomena  at  different  rates,  then  temperature  and  density  compensa- 
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lion  are  required'*  \  since  ihe  modulus  and  den¬ 
sity  of  the  material  are  a  function  of  the  tempera¬ 
ture.  However,  the  primary  interest  in  these 
calculations  is  to  know  the  temperature  at  which 
testing  can  be  performed  that  would  simulate 
higher  rate  conditions.  For  this  latter  purpose  no 
temperature  correction  is  required  because  the 
testing  will  occur  at  the  lower  temperature  and 
the  amount  of  shift  has  already  accounted  for 
moduli  differences.  Master  curves  for  tempera- 
tu»-e  compensated  calculations  appear  in  Appen¬ 
dix  I.  No  compensation  for  density  changes  was 
made,  since  the  differences  in  density  at  the 
temperatures  used  here  are  small.  The  amount  that  each  of  the  curves  is  shifted  can  be  used  to 
establish  the  relationship  between  the  temperature  corresponding  to  that  curve  and  the  time  (rate) 
with  respect  to  the  unshifted  curve.  Since  this  shift  takes  place  on  a  log  scale,  the  amount  of  shift 
corresponds  to  a  rate  factor. 

The  method  used  to  shift  the  curves  is  illustrated  in  Figure  4  and  is  explained  below.  Each  curve 
was  shifted  with  respect  to  the  curve  closest  to  it  in  temperature.  The  best  fit  straight  line  was  found 
for  each  curve  on  the  Log-Log  plots.  An  overlap  region  was  identified  between  the  two  curves,  as 


Log[Tinie(s)] 

Figure  3.  JA2  Relaxation  Data  at  0°C  (as  in 
Figure  2)  Showing  Typical  Scatter  about 
Averaged  Values 


Log  [Time(s)l  Log  (Tiine(s)l 

a.  Relaxation  Plots  b.  Shifted  Curve 

Figure  4.  Illustration  of  the  Method  of  Curve  Shifting 
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shown  in  Figure  4a.  The  midpoint  of  this  region  along  the  vertical  axis  was  determined  as  f(x^^,).  The 
shift,  Ax,  was  then  determined  by  solving  the  following  equation: 

If  there  was  no  curve  overlap,  as  in  some  instances,  the  midpoint  on  the  vertical  axis  between  the 
extreme  lower  point  of  one  curve  and  the  extreme  upper  point  of  the  other  was  used  as  f(x^}  By 
shifting  in  this  manner  the  shift  factor  is  uniquely  determined.  The  resulting  combined  curve  is 
shown  in  Figure  4b.  The  advantages  of  this  method  are  the  definition  of  a  unique  shift  factor,  and 
the  preservation  of  the  nature  of  the  overall  curve  fit,  i.e.,  all  curve  segments  are  not  forced  to  a  single 
fit  with  the  reference  curve,  but  a  relative  fit  with  adjacent  curves. 

Master  curves  are  presented  in  Figure  5.  The  master  curves  for  M 14  and  M43  are  fit  best  with 
a  second  order  polynomial  (R^  =  1.00),  which  indicates  multiple  relaxation  mechanisms  are  active 
that  have  different  levels  of  activity  as  a  function  of  temperature.  The  JA2  master  curve  is  best  fit 
with  a  linear  equation  (R^  =  0.999)  indicating  that  a  single  relaxation  process  dominates  over  the 
temperature  range  tested.  The  M30  master  curve  seems  best  fit  with  two  linear  curves  indicating 
either  a  single  mechanism  operating  in  different  material  phases  or  two  mechanisms  one  of  which 
dominates  at  the  lower  temperatures  (-40  to  -20°C)  and  the  other  dominates  at  the  higher  (0  to  60"C). 
Note  how  the  curve  at  0°C  nicely  bridges  the  lower  and  higher  temperature  curves. 

3.2  Shift  Factors.  The  logarithm  of  the  shift  factors  corresponding  to  the  uncompensated  master 
curves  is  plotted  for  each  propellant  in  Figure  6.  These  plots  indicate  what  temperature  change  is 
required  in  order  to  represent  an  equivalent  rate  change.  Note  that  for  M30  and  M43  propellants  the 
points  are  much  better  fit  with  a  second  order  polynomial.  Linear  fits  are  used  here  to  approximate 
the  projected  temperature -rate  equivalence.  Table  3  shows  this  information  for  each  propellant, 
based  on  the  linear  least  square  fits  shown.  These  numbers  indicate  that  the  mechanical  response  of 
materials  undergoing  high  rates  of  deformation  can  be  approximated  by  tests  performed  at  lower 
rates  and  lower  temperatures.  Specific  application  of  these  results  will  be  discussed  in  the  FUTURE 
STUDIES  section  below. 

4.  CONCLUSIONS 

Uniaxial  stress  relaxation  measurements  have  been  performed  in  compression  on  the  four  basic 
types  of  gun  propellant.  Single-,  double-,  and  triple-based  conventional  propellant  (M 1 4.  J  A2,  M30) 
and  a  nitramine  composite  (M43)  were  tested  at  -40,  -20, 0, 20,  and  60°C.  The  rate  of  compression 
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Log  [Time  (s)J 
a.  M14 


l-/Og  (Time  (s)J 
b.  JA2 


c.  M30 


d.  M43 


Figure  5.  Master  Relaxation  Curves  without  Temperature  Correction  for  Each  Propellant 


for  these  measurements  was  1 .00  s  ‘.  Master  relaxation  curves  were  generated  and  time-temperature 
shift  factors  were  calculated.  The  single-based  and  nitramine  composite  propellant  master  curves 
showed  a  very  good  fit  to  a  second  order  polynomial  indicating  multiple,  competing  relaxation 
processes.  The  double-based  propellant  master  curve  fit  a  linear  curve  very  well  indicating  that  a 
single  mechanism  dominates  at  this  rate  and  over  this  temperature  range.  It  is  interesting  to  note  that 
the  temperature  compensated  master  curve  {discussed  in  Appendix  I)  and  the  uncompensated  master 
curve  closely  overlap,  but  shift  factors  calculated  using  these  curves  differ  significantly.  The  triple- 
based  master  curve  showed  two  linear  sections  within  the  master  curve  indicating  that  different 
relaxation  mechanisms  dominate  or  that  different  phase  states  exist  in  the  high  (above  0°C)  and  the 
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-40  -20  0  20  40  60 

Temperature  (°C} 
a.  M14 


-40  -20  0  20  40  60 

Temperature  CC) 
b.  JA2 


c.  M30  d.  M43 

Figure  6.  Shift  Factors  Used  to  Generate  the  Uncorrected  Master  Relaxation  Curves 


low  (below  -20°C)  temperature  regions.  The  shiftfactors  that  generated  these  master  curves  showed 
that  the  propellants  had  similar  time-temperature  equivalence  (within  about  20%).  However,  the 
possibility  of  some  propellant  grouping  exists,  since  the  propellants  that  showed  a  good  quadratic  fit 
averaged  lower  temperature  change  per  decade  of  rate  change,  whereas  the  propellants  that  showed 
more  linear  fitting  showed  a  higher  rate  per  decade.  Presently,  no  assessment  has  been  made  as  to 
the  significance  of  this  observation. 
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Table  3.  Time-Temperature  Equivalence 


Propellant 

Fit  Slope 
(°C‘) 

AT  per  Decade 
(°C  per  Decade) 

M14 

0.1002 

9.98 

JA2 

0.0818 

12.2 

M30 

0.0805 

12.4 

M43 

0.0952 

10.5 

5.  FUTURE  STUDIES 

In  earlier  studies^’^  a  strong  correlation  was 
discovered  between  the  change  in  the  mechani- 


Figure  7.  Failure  Modulus  vs  the  SCJ 
Propellant  Bed  Response 


cal  failure  response  of  the  propellants  studied  in 
this  paper  and  the  vulnerability  response  change 


that  was  measured  when  beds  of  these  propellants  were  subjected  to  hypervelocity  impact  by  a 
shaped  charge  jet  (SCJ).  Each  propellant  showed  a  similar  trend  between  the  failure  parameter  and 


impulse  measurement,  which  indicated  a  SCJ  response  dependence  on  the  mechanical  failure 
mechanisms.  However,  there  was  no  direct  correlation  between  the  values  of  the  failure  parameters 


and  the  impulse  results  among  the  propellants.  Figure  7  shows  the  relationship  between  the  two 
responses  at  lower  temperatures.  One  possible  reason  for  not  being  able  to  discover  a  direct 
correlation  could  be  due  to  the  rate  differences  experienced  by  the  propellants  in  the  mechanical 


properties  and  the  hypervelocity  impact  procedures. 


It  is  estimated  that  the  rate  of  deformation  of  the  propellant  while  being  deformed  by  the  jet  is 
between  lO'*  and  10*  s'^  The  mechanical  response  measurements  take  place  at  100  s  '.  The  rate 
difference  between  the  two  processes  corresponds  to  a  factor  between  10^  and  10".  With  the 
information  generated  in  this  report,  each  propellant  could  be  tested  at  a  temperature  appropriately 
selected  to  reveal  how  well  the  mechanical  response  tracks  with  the  vulnerability  response  when 
deformed  under  more  equivalent  conditions 


Before  the  testing  outlined  above  is  performed,  however,  the  equivalency  of  the  response  should 
be  demonstrated  as  a  check  of  the  predictions  and  to  see  to  what  extent  the  equivalency  of  the  response 
extends.  This  could  be  accomplished  by  measuring  the  mechanical  response  at  temperature-rate 
combinations  that  are  predicted  to  be  equivalent  over  several  decades  of  rate.  A  comparison  of  the 
response  and  parameters  calculated  from  this  response  should  reveal  how  well  this  application  of 
time-temperature  superposition  will  work. 
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When  the  above  work  is  completed,  the  information  generated  should  help  make  the  role  that 
mechanical  response  plays  in  the  area  of  vulnerability  response  clearer.  TesLs  are  now  scheduled  for 
these  propellants  and  will  be  reported. 
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APPENDIX  A 

Temperature  Corrected  Master  Curves 
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The  mechanical  behavior  of  materials  can  be  projected  at  higher  or  lower  strain  rates  by  shifting 
the  relaxation  curves  that  have  been  reported  here  through  the  procedure  outlined  in  Section  IV  of 
this  report.  If  these  shifted  curves  are  to  be  used  to  predict  the  response  characteristics  at  the  reference 
temperature,  then  temperature  and  density  (p)  corrections  need  to  be  made.  Ferry*  states  that  to 
predict  response  characteristics  at  a  temperature,  T,  other  than  the  reference  temperature,  T ,  from 
a  master  curve,  a  shift  of  Log(pT/p^T )  is  required.  Therefore,  in  order  to  construct  a  master  curve 
from  data  taken  at  different  temperatures,  relaxation  modulus  values  must  be  shifted  vertically  by 
Log(p^T/pT)  before  the  separate  pieces  can  be  shifted  horizontally  to  create  the  master  curve. 

Since  density  differences  are  very  small,  only  the  temperature  corrections  were  made  in  the 
construction  of  the  master  curve  at  a  reference  temperature  of  20°C.  These  curves  for  each  propellant 
are  shown  in  Figure  A 1 ,  below.  Note  that  the  general  shape  of  the  curves  has  not  changed  from  those 
found  for  the  uncorrected  master  curves  (Figure  4)  presented  earlier. 


Log  (Time  (s)] 


Log  [Time  (s)] 


a.  M14 


b.  JA2 


Log  (Time  ($)] 

c.  M30 


d.  M43 


Figure  Al.  Master  Relaxation  Curves  for  Each  Propellant 
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Figure  A2.  Shift  Factors  Used  to  Generate  the  Master  Relaxation  Curves 


It  should  be  noted  that  the  temperature  correction  shift  is  usually  small,  and  is  sometimes  ignored 
when  creating  master  curves.  However,  the  degree  to  which  this  correction  affects  the  value  of 
Log[A(T)]  depends  on  the  slope  of  the  relaxation  curve  segments.  The  closer  the  slope  is  to  zero, 
the  more  the  value  of  the  corrected  Log[A(T)]  value  is  affected.  Figure  A2  shows  the  values  of 
Log[A(T)]  plotted  against  temperature  for  each  of  the  propellants.  These  values  were  calculated  from 
the  shifted  curves.  To  provide  a  comparison  of  the  values  derived  from  the  corrected  and  uncoirected 
relaxation  curves,  the  values  of  Log[A{T)]  used  to  create  both  master  curves  are  listed  in  Table  A1 
for  each  propellant. 
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Table  Al.  Comparison  of  the  Values  of  Log(A(T)]  Used  to  Shift 
the  Uncorrected  and  Temperature  Corrected  Relaxation  Curves 


T 

(°C) 

M14 

Uncor.  Cor 

JA2 

Uncor.  Cor 

M30 

Uncor.  Cor 

M43 

Uncor.  Cor 

-40 

6.60 

5.30 

4.94 

4.34 

5.69 

4.98 

7.17 

6.56 

-20 

5.00 

4.31 

3.55 

3.13 

3.79  : 

3.45 

4.86 

4.62 

0 

3.75 

3.70 

1.45 

1.36 

1.51 

1.31 

2.09 

1.92 

20 

0 

0 

0* 

0* 

0 

0 

0 

0 

60 

-2.98 

-2.70 

-2.41* 

-2.11* 

-2.31 

-1.94 

-2.20 

-1.95 

*  JA2  temperatures  were  -40°C,  -20°C,  0°C,  23°C  and  50°C 
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ATTN;  V.  Yang 
K.  Kuo 
C.  Merkle 

University  Park,  PA  16802-7501 

1  Rensselaer  Polytechnic  Institute 

Department  of  Mathematics 
Troy.  NY  12181 

1  Stevens  Institute  of  Technology 

Davidson  Laboratory 
ATTN;  R.  McAlevy  III 
Castle  Point  Station 
Hoboken,  NJ  07030-5907 

1  Rutgers  University 

Department  of  Mechanical  and 
Aerospace  Engineering 
ATTN;  S.  Temkin 
University  Heights  Campus 
New  Brunswick,  NJ  08903 

1  University  of  Southern  California 

Mechanical  Engineering  Department 
ATTN;  0HE20O,  M.  Gerstein 
Los  Angeles,  CA  90089-5199 

1  University  of  Utah 

Department  of  Chemical  Engineering 
ATTN;  A.  Baer 

Salt  Lake  City,  UT  84112-1194 

1  Washington  State  University 

Department  of  Mechanical  Engineering 
ATTN.  C.T.  Crowe 
Pullman,  WA  99163-5201 

1  AFELM,  The  Rand  Corporation 

ATTN;  Library  D 
1 700  Main  Street 
Santa  Monica,  CA  90401-3297 
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1  Arrow  Technology  Associates.  Inc. 
ATTN:  W.  Hathaway 

P.O.  Box  4218 

South  Burlington.  VT  05401-0042 

3  AAI  Comoration 
ATTN:  J.  Hebert 

J.  Frankie 
D.  Cleveland 
P.O.  Box  126 

Hunt  Valley.  MD  21030-0126 

2  Alliant  Techsystems.  Inc. 

ATTN:  R.E.  Tompkins 

J.  Kennedy 
7225  Northland  Dr. 

Brooklyn  Park.  MN  55428 

1  AVCO  Everett  Research  Laboratory 
ATTN:  D.  Stickler 

2385  Revere  Beach  Parkway 
Everett.  MA  02149-5936 

1  General  Applied  Sciences  Lab 

ATTN:  J.  Erdos 
77  Raynor  Ave. 

Ronkonkama.  NY  1 1 779-6649 

1  General  Electric  Company 

Tactical  System  Department 
ATTN:  J.  Mandzy 
1 00  Plastics  Ave. 

Pittsfield.  MA  01201-3698 

1  IITRI 

ATTN:  M.J.  Klein 
10  W.  35th  Street 
Chicago,  IL  60616-3799 

4  Hercules.  Inc. 

Radford  Army  Ammunition  Plant 
ATTN:  L.  Gizzi 

D.A.  Worrell 
W.J.  Worrel! 

C.  Chandler 

Radford.  VA  24141-0299 

2  Hercules.  Inc. 

Allegheny  Ballistics  Laboratory 
ATTN:  William  B.  Walkup 

Thomas  F.  Farabaugh 
P.O.  Box  210 

Rocket  Center,  WV  26726 
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1  Hercules.  Inc. 

Aerospace 
ATTN:  R.  Cartwright 
100  Howard  Btvd. 

Kenville.  NJ  07847 

1  Hercules.  Inc. 

Hercules  Plaza 
ATTN:  B.M.  Riggleman 
Wilmington.  DE  19894 

1  MBR  Research  Inc. 

ATTN:  Dr.  Moshe  Ben-Reuven 
601  Ewing  St..  Suite  C-22 
Princeton.  NJ  08540 

1  Olin  Corporation 

Badger  Army  Ammunition  Plant 
ATTN:  F.E.  Wolf 
Baraboo.  Wl  53913 

3  Olin  Ordnance 

ATTN:  E.J.  Kirschke 
A.F.  Gonzalez 
D.W.  Worthington 
P.O.  Box  222 

St.  Marks.  FL  32355-0222 

1  Olin  Ordnance 

ATTN:  H.A.  McElroy 
10101  9th  Street.  North 
St.  Petersburg.  FL  33716 

1  Paul  Gough  Associates.  Inc. 

ATTN:  P.S.  Gough 
1048  South  St. 

Portsmouth.  NH  03801-5423 

1  Physics  International  Library 
ATTN:  H.  Wayne  Wampler 
P.O.  Box  5010 

San  Leandro.  CA  94577-0599 

2  Princeton  Combustion  Research 

Laboratories.  Inc. 

ATTN:  N.  Mer 

N.A.  Messina 
Princeton  Corporate  Plaza 
11  Deerpark  Dr..  Bldg  IV.  Suite  119 
Monmouth  Junction.  NJ  08852 
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3  Rockwell  International 

Rocketdyne  Division 
ATTN:  BA08, 

J.  Flanagan 
J.  Gray 
R.B.  Edelman 
6633  Canoga  Avenue 
Canoga  Park,  CA  91303-2703 

2  Rockwell  International  Science  Center 
ATTN:  Dr,  S.  Chakravarthy 

Dr.  S.  Palaniswamy 
1049  Camino  Dos  Rios 
P.O.  Box  1085 
Thousand  Oaks.  CA  91360 

1  Southwest  Research  Institute 

ATTN:  J.P.  Riegel 
6220  Culebra  Road 
P.O.  Drawer  28510 
San  Antonio,  TX  78228-0510 

1  Sverdrup  Technology,  Inc. 

ATTN:  Dr.  John  Deur 
2001  Aerospace  Parkway 
Brook  Park,  OH  44142 

3  Thiokol  Corporation 
Elkton  Division 
ATTN:  R.  Wilier 

R.  Biddle 
Tech  Library 
P.O.  Box  241 
Elkton,  MD  21921-0241 
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1  Veritay  Technology,  Inc. 

ATTN:  E.  Fisher 
4845  Millersport  Hwy. 

East  Amherst.  NY  1 4501 -03C5 

1  Universal  Propulsion  Company 

ATTN:  H.J.  McSpadden 
25401  North  Central  Ave. 

Phoenix.  AZ  85027-7837 

1  SRI  International 

Propulsion  Sciences  Division 

ATTN:  Tech  Library 
333  Ravenwood  Avenue 
Menlo  Park,  CA  94025-3493 

Aberdeen  Proving  Ground 

1  Cdr.  USACSTA 

ATTN:  STECS-PO/R.  Hendricksen 
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1  Ernst-Mach-institut 

ATTN:  Dr.  R.  Reiser 
Haupstrasse  18 
Weil  am  Rheim 
Germany 

1  Defence  Research  Agency,  Military 

Division 

ATTN:  C.  Woodley 
RARDE  Fort  Halstead 
Sevenoaks.  Kent,  TNI  4  7BP 
England 

1  School  of  Mechanical,  Materials,  and 

Civil  Engineering 
ATTN:  Dr.  Bryan  Lawton 
Royal  Military  College  of  Science 
Shrivenham,  Swindon,  Wiltshire, 

SN6  SLA 
England 
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2  Institut  Saint  Louis 

ATTN:  Dr.  Marc  Giraud 

Dr.  Gunther  Sheets 
Postfach  1260 
7858  Weail  am  Rhein  1 
Germany 

1  Explosive  Ordnance  Division 

ATTN:  A.  Wildegger-Gaissmaier 
Defence  Science  and  Technology 
Organisation 
P.O.  Box  1750 

Salisbury,  South  Australia  5108 

1  Armaments  Division 

ATTN:  Dr.  J.  Lavigne 
Defence  Research  Establishment 
Valcartier 

2459,  Pie  XI  Bivd,,  North 
P.O.  Box  8800 

Courcelette,  Quebec  GOA  1 RO 
Canada 
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